We report the results of coincidence counting experiments at the output of a Michelson interferometer using the zero-phonon-line emission of a single molecule at 1.4 K. Under continuous wave excitation, we observe the absence of coincidence counts as an indication of two-photon interference. This corresponds to the observation of Hong-Ou-Mandel correlations.
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terrylenediimide (TDI) molecule. As a result of these experiments, we demonstrate the twophoton interference phenomenon [11] .
Experimental Setup & Sample Preparation
A home-built low temperature confocal microscope setup was used in the experiments (Figure 1(a) ). In this setup, the beam from a single mode dye laser was reflected off a dichroic mirror, passed through a λ/2 plate before being focused onto the sample with an aspherical lens (NA=0.55), which is also used for collection. A piezo scanner was used to select single molecules from different spatial positions. After transmision through the λ/2 plate and the dichroic mirror, the collected fluorescence was focused onto a pinhole (75 μm diameter) and sent to a home-built Michelson interferometer depicted in Fig. 1(b) . Alternatively the signal was dispersed with a 46 cm monochromator before detection with a charge coupled device detector. A spectral resolution of 30 GHz was obtained in the spectra taken with the monochromator and the CCD.
The experiments were performed on terrylenediimide (TDI) molecules [12] highly diluted in hexadecane (HD) matrix. Hexadecane forms a Shpol'skii matrix which provides an ordered, partly crystalline surrounding for the TDI molecules. The samples were prepared by adding hexadecane to a solution of TDI in CHCl 3 . CHCl 3 and O 2 were removed by several freeze and thaw cycles using liquid N 2 and intermediate evacuation steps. After this, the TDI/hexadecane solution was saturated with Ar. A drop of this solution was then quickly inserted into the precooled cryostat. Finally, the sample was cooled down to 1.4 K in a liquid He bath.
The technique of vibronic excitation was used to excite single TDI molecules during the experiments [13] (Fig. 1(c) ). At cryogenic temperatures, due to their short lifetimes (∼1-10 ps), the vibrational states of single dye molecules are generally very broad. The usable absorption width is further increased to tens of cm −1 in systems with a strong electron-phonon coupling due to intense phonon sidebands. Hence, when a vibrational state is excited and ZPL emission is detected in a spectrally resolved manner, large spectral jumps (up to 80 cm −1 [13] ) can be observed. Vibronic excitation also allows for the detection of the ZPL which is indispensible for the experiments reported in this proceeding.
Experimental Results

A Michelson
Interferometer is typically used in experiments performed to observe two-photon interference using the emission collected from one single photon source [7, 8] . Under cw excitation, a path length difference which is larger than half of the coherence length of the emitted photons should be selected. This ensures that two independent photons will simultaneously arrive at two inputs of the beam splitter with a certain probability. The signature of two-photon interference is then revealed as the lack of coincidence counts at the output of the beam splitter.
In contrast to the recently reported two-photon interference experiments using single quantum dots [7] and single trapped atoms [8] , we have employed continuous wave (cw) excitation in our experiment. As depicted in Fig. 1(b) , we have implemented a rotatable λ/2 plate in the longer arm of the interferometer in order to achieve parallel or orthogonal polarizations in channels 1 and 2. Considering parallel polarizations, in the limit of large Δt (Δt > 1/γ) and small τ (τ < Δt), a coincidence counting experiment between channels 3 and 4 reveals the normalized second-order coherence function [14] :
(1) γ = Γ spon /2 + γ pure is the total dephasing rate of the ZPL including spontaneous emission (Γ spon ) and dephasing due to other sources (γ pure ). In this equation g (1) (τ ), g (2) (τ ) correspond to the normalized first-order and second-order coherence functions of the ZPL emission of a single molecule respectively. Transmission and reflection in the beam-splitter are noted as cos 2 θ and sin 2 θ respectively. For mutually orthogonal polarizations, photons at both input channels are completely distinguishable, and no effect of two-photon interference should be observed. For this case, the result of a coincidence experiment between channels 3 and 4, reveals:
Examplary solutions of g (2) 34 (τ ) for both mutually parallel (solid) and orthogonal (dashed) polarizations are depicted in Fig. 2(e) . In the solid curve, the signature of two-photon interference is the absence of coincidence events around zero delay time.
For the two-photon interference experiments, the confocal microscope was equipped with a piezo scanner in order to select single molecules from different spatial positions in the sample. After being filtered with a narrow band interference filter (FWHM=1nm, angle tunable between 645-670 nm), ZPL fluorescence from a single TDI molecule was directed into the home-built Michelson interferometer. The path length difference between the two arms of the interferometer was equivalent to a temporal delay of Δt = 4.6 ns. One of its arms was equipped with a rotatable λ/2-plate. The output signals at the beam splitter were detected using APDs in a HanburyBrown and Twiss configuration. The APD outputs were sent to a time to amplitude converter (TAC) as start and stop pulses. After adding an electronic delay on the stop pulse, the output of the TAC which was stored in a multi channel analyzer (MCA) revealed the second order correlation function (g (2) 34 (τ )). A temporal resolution of 420 ps was achieved. Fig. 2(a) depicts the results of coincidence measurements for the case when the λ/2-plate introduced no polarization change in the long arm of the interferometer (parallel polarizations). At the zero delay position, the value of g (2) (0) becomes 0.4. Fig. 2(b) depicts the result of the coincidence detection experiment when we have rotated the polarization of the fluorescence in the long interferometer arm by 90 • . Clearly, the resulting correlation curve exhibits higher g (2) values around zero delay time. The normalized difference between the two curves is shown in Fig. 2(c) . In this figure the dip around zero delay time constitutes the proof for the observed (g (2) -g (2) )/g (2) Delay Time (ns)
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⊥ with a binning of 2 (c) and 7 (d). Excitation is at 605 nm with an intensity of 1 mW in a-d. (e) Solution of g (2) 34 (τ ) for large Δt (Δt 1/γ) and small τ considering parallel and ortohogonal polarizations. Parameter values are W P = 0.25Γ spon , γ dep = 0.3Γ spon , and θ = π/4. W P is the effective pumping rate of the two-level emitter.
Hong-Ou-Mandel correlations. The dip is clearly visible in Fig. 2(d) where a binning of 7 (time bin = 658 ps) was used. When compared to the photon coherence times of a few nanoseconds, the time resolution in Fig. 2(d) is still sufficient for the observation of two-photon interference. Furthermore, we have observed the normalized difference between the data of Fig. 2(a) (2(b) ) and another measurement with parallel (orthogonal) polarizations [11] . In contrast to Fig. 2(c) , both of the cases revealed no signal above the noise level at zero delay.
The observed g (2) (0) = 0.4 for parallel polarizations corresponds to a photon indistinguishability of at least ∼ 0.2 instead of the ideal value of 1. Two reasons can be responsible for this relatively low level of indistinguishability. Firstly, imperfections in the mode matching of our interferometer are a source of contrast reduction. Because of its higher throughput, a conventional Michelson interferometer was preferred over a setup using a single mode glass fibre in our experiment. Secondly, spectral jumps of the molecule could deteriorate the contrast. If these jumps occur on the time scale of the excited state lifetime, they will give rise to dephasing and a corresponding line broadening. While we did not determine the ZPL emission linewidth of this molecule, a fit to the correlation measurement in Fig. 5(a) reveals Γ spon ∼ 1/(3 ns) and γ pure ∼ 1/(4 ns), hence a photon coherence time of ∼ 2.5 ns.
Conclusions & Outlook
In conclusion, we have observed the two-photon interference phenomenon using the zerophonon line (ZPL) emission of a single molecule at cryogenic temperatures. Using a Michelson interferometer, a photon indistinguishability of at least ∼ 0.2 was observed as compared to the ideal value of 1. Our results yield single molecules as an attractive alternative to single InAs quantum dots and trapped atoms for applications in linear optics quantum information processing. The two-photon interference experiments presented in this proceeding can easily be extended to include a pulsed excitation scheme. Although pulsed excitation scheme is not necessary for the demonstration of two-photon interference, it will be important for practical applications. Our approach offers new possibilities for performing linear optics quantum information experiments like those reported in [7, 15, 16] using larger coherence times.
